Natural scenes often contain variations in local luminance as a result of cast shadows and illumination from different directions. When making judgments about such scenes, it may be hypothesized that darker regions (with lower relative contrast due to a lack of illumination) are avoided as they may provide less detailed information than well-illuminated areas. We here test this hypothesis, first by presenting participants images of faces that were digitally modified to simulate the effect of a shadow over half of the image, and second by presenting photographs of faces taken with side illumination, also resulting in the appearance of a shadow across half of the face. While participants viewed these images, they were asked to perform different tasks on the images, to allow for the presentation of the different versions of each image (left shadow, right shadow, no shadow), and to distract the observers from the contrast and illumination manipulations. The results confirm our hypothesis and demonstrate that observers fixate the better illuminated regions of the images.
Introduction
Lightness is one of the three dimensions of the phenomenological experience of color (hue and saturation being the other). Lightness of a region of an image is determined by the surface of the objects in the scene, but also the direction of the light in the scene. The visual system's ability to disentangle the object's properties from the incoming light is known as constancy, as for example, in color constancy (Arend & Reeves, 1986; Foster, 2011; Kraft & Brainard, 1999) . In order to achieve constancy, the visual system needs to take into account the orientation and distance to the light source, which both influence the illumination level. In addition, it needs to incorporate illumination gradients and cast illumination caused by shadows and spotlights.
In most cases constancy can be achieved effortlessly and with negligible errors. However, constancy can dramatically fail in laboratory settings, as is shown in the case of color constancy (e.g., Arend & Reeves, 1986; Tiplitz Blackwell & Buchsbaum, 1988) . In such lab situations, a target matched in a spotlight can produce significantly lighter matches than the same target shown in a shadow.
Hence, in laboratory settings perception is determined by the momentary viewing conditions, while in everyday situation familiarity seems to be more important. This discrepancy suggests that in everyday conditions, perception relies on cognitive factors. Although most of perception research has recognized the influence of cognition, color research, and in particular lightness research, seems to have been less influenced by this idea (however, see Martinovic, Mordal, & Wuerger, 2011) .
Recently, we have introduced a range of experimental tasks to examine lightness and color constancy in laboratory conditions (Economou, Zdravković , & Gilchrist, 2007; Zdravković , 2008; Zdravković , Economou, & Gilchrist, 2012) . Our findings suggest that object identity plays a significant role in color perception (Zdravković , 2008) . In our experiments, we assigned identity to objects in various ways (e.g., moving the same object in front of the observer, or letting participants familiarize themselves with the experimental targets) and examined the influence of these assignments on color perception. The results demonstrated that participants' matches systematically deviated in the direction of learned and away from presented color, very much like in out-of-laboratory conditions. Through these manipulations, we were able to measure the effect of knowledge and expectations on color perception, and showed that judgments can be shifted in the direction of an expected and not a viewed shade. In further experiments, we were able to show that expectations and http://dx.doi.org/10.1016/j.visres.2015.05.019 0042-6989/Ó 2015 Elsevier Ltd. All rights reserved.
knowledge not only influence color perception, but also the more basic lightness perception. In these experiments, we asked observers to judge the lightness of a gray target containing either a cast spotlight or a shadow (Zdravković , Economou, & Gilchrist, 2006) . Our behavioral data suggest that the overall shade of an object is dictated by the portion presented in the higher illumination.
Studies of visual perception often seem to make the implicit assumption that scenes are perceived in a single glance. This may be true in the case of short stimulus presentation durations. In natural perception, however, it is more common for observers to make eye movements (Findlay & Gilchrist, 2003) . In fact, it has been shown that influences of specific instructions in color constancy experiments (Arend & Reeves, 1986) can be understood, at least in part, by the pattern of eye movements that observers make during the task (Cornelissen & Brenner, 1995) . Moreover, recently it has been shown that where observers fixate in an image directly influences lightness judgment (Golz, 2010; Toscani, Valsecchi, & Gegenfurtner, 2013a , 2013b . These studies also show that observers, trying to match the hue of an object in a cast shadow to a reference patch, tend to spend more time gazing at the part in the higher illumination. The eye tracking studies using computer generated scenes and our experiments using real objects (Economou, Zdravković , & Gilchrist, 2007; Zdravković , 2008; Zdravković , Economou, & Gilchrist, 2012) both show strategic influences on color and lightness perception.
The above studies have specifically looked at eye movements during color or brightness tasks. However, it is unclear whether variations in lightness of regions of images due to variations in illumination and cast shadows influence observers' active vision, and in particular their eye scanning patterns in more natural vision. Commonly, to study eye movements in natural vision, participants are shown photographs of natural scenes and asked to 'simply look' at these images while their eye movements are tracked (Dorr et al., 2010; Tseng et al., 2009) . Research applying such an approach and specifically looking at the spatial frequency and luminance aspects of the images that observers look at have suggested that observers avoid looking at naturally occurring shadowed regions of the scenes (Tatler, Baddeley, & Gilchrist, 2005) . Findings such as these have found their way into models of visual saliency, which often include a parameter indicating the influence of lightness on positions in the scene that are likely to be fixated (e.g., Itti & Koch, 2000) . However, it should be noted that such models tend to only take into account low-level features and ignore the interpretation of scenes in terms of light sources and cast shadows. These results make sense: shadowed regions of images have a lower contrast and therefore it is a useful strategy to visually sample from other regions that have a higher contrast. The findings with natural scenes, however, depend on naturally occurring shadows, and therefore it is unclear whether it is the shadow that caused observers to look elsewhere or whether there were other aspects of the shadowed regions causing fixations to be directly towards other parts of the scene. Moreover, it is unclear to what extent the instruction to 'just look' influenced participants' eye movements, or whether the avoidance of shadows also occurs across a broader range of (non luminance or color related) tasks.
The present study addresses these questions by using images in which half of the image was in lower contrast to simulate the effects of cast shadows or side illumination. For our stimuli, we decided to rely on images of faces, which are typically gazed at using very stereotypical fixation patterns (Althoff & Cohen, 1999) . For example, studies have suggested that observers tend to direct their first eye movement to just below the eyes (Hsiao & Cottrell, 2008) , although individual differences can be found (Peterson & Eckstein, 2013) . If we can demonstrate that shadows influence this typical eye movement pattern, this would provide strong evidence of the role of contrast and illumination variations in eye movement planning. We conducted two experiments. In the first experiment, we used image editing software to reduce the contrast in one half of the images to simulate the effects of a cast shadow or side illumination. This image manipulation had two distinct advantages: (1) The images were highly controlled in the lighting conditions before and after manipulation, as well as in the facial expression of the actors and the background against which the pictures were taken. (2) Manipulated images also allowed us to create three versions of each image: one without contrast reduction, one with a contrast reduction on one side of the image, and one with a reduction of contrast on the other side of the image. By having one version of each image without contrast reduction, it was possible to establish a baseline for the fixation distribution for our face images. The use of manipulated images, however, has the disadvantage that possibly not all aspects of cast shadows or side illumination on an image are captured. In a second experiment, we therefore used photographs from the Internet that had a lower contrast on one half of the image due to side illumination. These images captured a broad range of contrast differences between the two sides of the images, and a range of other aspects on which the images varied (e.g., color versus grayscale, background, facial expression in the actor). To obtain two version of each image (one with lower contrast on the left and one with lower contrast on the right), a mirror reverse image of each photo was used. To distract participants away from the contrast manipulation and to provide a reason for presenting each version of the images to all participants, different tasks were introduced unrelated to lightness (or color) perception. These tasks aimed to probe into high-level cognitive aspects of the stimuli. In particular, we asked participants to judge the (1) age, (2) beauty and (3) profession of the people in the images (this latter task was dropped for the second experiment, where we only have two versions of each image).
Experiment 1
Experiment 1 applied digitally manipulated images, providing highly controlled stimuli and a baseline with images without contrast manipulation.
Methods

Participants
Twenty-one female students from the University of Aberdeen (aged between 16 and 25 years) were recruited by means of an online recruitment system (Sona Systems) or by word of mouth to take part in the experiment, in return for course credit or without receiving reimbursement. Participants were recruited opportunistically, and this, accidentally led to a sample with only female participants. We are not aware of studies suggesting gender differences in fixation patterns towards faces, so we do not expect this all-female sample to influence the results. Participants all reported normal or corrected-to-normal vision. Ten of the participants reported to have a native language other than English, but all used English on a day-to-day basis. Before taking part, participants all provided written consent for the study that was approved by the local ethics committee, where approval was obtained to test participants from the age of 16 year, allowing all our volunteers to take part in the experiment. The procedure followed in obtaining ethical approval for our study and conducting the experiment ensured that the experimental procedures were in agreement with the Declaration of Helsinki.
Apparatus
Stimuli were presented on a Dell 19 inch flat screen, placed at a distance of 77 cm from the observers, set to a spatial resolution of 1024 by 768 pixels and a 60 Hz refresh rate. Stimulus presentation was controlled by a Dell Optiplex PC with a dual core processor, running the Windows XP operating system and SR Research's (Ontario, Canada) Experiment Builder. The camera of an Eyelink 1000 desk-mount system (SR Research) was placed below the screen at a distance of 66 cm from the chin and forehead rest (UHCOT Tech Headspot standard). Eye movement data collection was controlled by a second PC (LanBox Lite). Participants held their forehead against the forehead rest, and sat with their head slightly above the chin rest, so that verbal responses were possible. Participants ended each trial by pressing the space-bar on a keyboard attached to the stimulus presentation PC. Luminance levels from the images were obtained using a Minolta LS100 luminance meter.
Stimuli
Each trial started with a drift correction target (with a diameter of 0.52 deg for the outer black rim and 0.15 deg for the inner white rim), presented on the vertical midline, 6.50 deg above or below the center of the display (randomly chosen on each trial), as illustrated in Fig. 1a . This position was chosen to be at the (upper or lower) edge of the target face image. After the experimenter confirmed fixation of the drift correction target by pressing the space-bar of a second keyboard, and a short blank screen of variable duration (introduced by the drift correction procedure), a face stimulus was presented in the middle of the screen. Face stimuli consisted of 44 (22 male and 22 female) black and white photographs taken from the Color Ebner database (Ebner, 2008; Ebner, Riediger, & Lindenberger, 2010) . A further four photographs were added from the Radboud Face Database (Langner et al., 2010) , serving as practice trials. The photographs were all scaled back to measure 300 by 400 pixels (corresponding to 8.02 deg by 13.0 deg of visual angle), and converted to grayscale. Different versions of the photos were created using Photoshop: one version without a contrast manipulation, and two versions with half of the image in reduced contrast (left half of the photo, right half of the photo), as shown in Fig. 1b , to simulate the effects of cast shadows. To obtain an estimate of the luminance difference of the different halves, the luminance of the left and the right half of the face (cheek location) was measured from all photographs in one experimental block. Regions without contrast reduction had an average luminance of 31.6 cd=m 2 (sd = 13.1 cd=m 2 ), while regions with reduced contrast were an average of 7.56 cd=m 2 (sd = 3.70 cd=m 2 ). The stimuli were presented on a gray background (color code: 204/204/204; 81.1 cd=m 2 ).
Design
Three stimulus lists were created, each with around one third of each type of contrast reduction (no contrast reduction, left half with reduced contrast, right half with reduced contrast; Fig. 1b) , without any repetitions of the same photograph, and by balancing the number of female and male faces in the list. Each list contained 44 experimental trials and 4 practice trials. Participants were presented with each list once, each presentation with a different task (age, beauty and profession judgment). The order of the lists was counterbalanced across participants by means of a Latin square, as was the order of the tasks, such that each combination occurred equally often. Finally, except for the practice items, which were always presented first, the order of the items within the remainder of the list was randomized for each participant.
Procedure
Two experimenters were involved in conducting the experiment, so that the two tasks of writing down the verbal responses and checking for accurate eye movement recordings could be separated. Before taking part in the study, participants signed an informed consent and received written and verbal instructions.
In these instructions, they were informed that the experiment in which they were going to take part aimed to study how people look at other people when making different judgments, and the three tasks were explained. In the age task, participants were asked to guess the age of the person in the photograph by saying out loud the estimated number of years of the person. In the beauty task, the task of the participants was to judge the beauty of the person's face on a 1 to 10 scale, also responding by saying out loud the number. Finally, in the profession task, participants were asked to guess the profession of the person in the photograph. Some examples were given, such as teacher, fireman, nurse, and student.
The Eyelink 1000 eye tracker was then calibrated using the standard nine-point calibration procedure, in which a sequence of ten fixation targets (first and last target both presented in the center, the others on a three by three grid, in a random order) was shown. Calibration was considered successful when the recorded gaze positions were positioned on a three by three grid, and the first and final fixation in the center were superimposed. Calibration was repeated until successful.
The experiment was then started. Unknowingly to the participants, the first four trials served as practice trials, allowing the experimenters to answer participants' questions that arose when starting the tasks. These trials were not analyzed. Before each block the experimenter repeated the instruction for that block. As shown in Fig. 1a , each trial started with a drift correction target presented either above or below the future position of the photograph. After confirming fixation by the experimenter, the face stimulus was shown and participants provided their answer verbally. After giving their answer, they pressed the space-bar of the keyboard in front of them, which emptied the screen and started the new trial. Verbal responses were written down by one of the experimenters, while the other experimenter controlled the drift correction procedure, and checked the status of the eye tracking system. After participants completed all three tasks, they were asked whether they could indicate the aim of the study. While some participants reported noticing the contrast reduction, they were generally unable to indicate that the aim was to look at the influence of this manipulation on eye movement behavior. Instead, many guessed that we would analyze their verbal responses to the stimuli. Following this brief discussion, participants were informed about the purpose of the experiment. To reduce the risk that participants would convey this aim to other potential participants, it was also added that the data would be analyzed to examine the influence of the gender of the person in the photograph (outcomes not shown here). The experiment took each participant approximately 25 min to complete.
Data analysis
The Eyelink's parser, applying the standard 30 deg/s and 8,000 deg 2 /s velocity and acceleration thresholds, was used to convert the horizontal and vertical recorded eye position into fixations and saccades. The fixations were then analyzed for the presentation duration of the face stimulus until the end of the last fixation before the participant pressed the space-bar to end the trial. For statistical comparisons, we used univariate analyses of variance (ANOVAs), applying a Greenhouse-Geisser correction where appropriate, and pairwise t-tests.
Results
Participants performed three tasks: age ratings, beauty ratings and profession judgments. From the participants' feedback at the end of the experiment, it was suggested that the latter task required most of the participants' effort and time. To examine whether this was reflected in the total time spent on looking at the face image and the number of fixations made when performing each task, Fig. 2 plots these two measures for the three different tasks. This plot suggests the longest viewing time (and consequently decision time) for the profession task, and the shortest viewing time for the beauty task. These differences between tasks were confirmed in a repeated measures ANOVA. The total viewing time differed significantly across tasks (F(1.55,31.0) = 18.60, p < 0.001). Bonferroni corrected pairwise t-tests showed that this was due to significant differences between all three tasks (all p-values smaller than or equal to 0.001). Likewise, the number of fixations was significant different across tasks (F(1.52, 30.4) = 39.82, p < 0.001). Pairwise t-tests show that there were significant differences between each of the tasks (all p-values smaller than 0.001).
To examine the influence of the simulated shadow manipulation, three measures were compared across images with the shadow on the left, on the right, and images without a shadow. If participants sample more often from the illuminated section of the image, it would be expected that this area of the image would be fixated earlier and more frequently than the shadow region. We here report fixation measures towards the left of the image (rather than the shadow region, pooling across left and right shadows), so the results can be compared against the no-shadow condition. The first measure, indicating the proportion of first fixations into the image was towards the left section of the image, is plotted in Figs. 3a and Figs. 4a either across all three tasks, or for each task separately. These graphs suggest that the first fixation is less often on the left section of the image when the shadow is on the left side and more often towards the left when the shadow is on the right, suggesting that participants avoid starting their inspection of the image in the low contrast region. This is reflected in a significant main effect of the location of the shadow on the percentage of fixations on the left part of the image (all data: F(2,40) = 55.03, p < 0.001). This pattern does not differ across tasks, as demonstrated by an absent interaction with the task (F(1.75, 35.0) = 0.68, p = 0.50) and an absent main effect of task (F(1.38,27.7) = 0.49, p = 0.55) in a three by three repeated measures ANOVA testing the effects of task and shadow location. Pairwise comparisons between the different shadow locations across tasks demonstrate significant differences between each of the individual shadow locations (all p-values smaller than 0.001). There is a trend towards fixating the left section of the image first, but this effect fails to reach significance when the condition without a shadow is compared against the 50% line (t(20) = 1.77, p = 0.093).
The second measure considered is the overall dwell-time on the left and right side of the image for the different shadow locations. This measure examines whether the initial bias towards fixations towards the side without the shadow may be compensated for by longer fixation durations on the other side. Figs. 3b and 4b suggest that no such compensation takes place, and that across the entire trial, participants' gaze direction is biased towards the side of the image without a shadow. Although there is a trend towards a different pattern across tasks, the interaction between task and location of the shadow on dwell time does not reach significance in a three by three ANOVA (F(2.55, 51.0) = 2.34, p = 0.094). Task by itself shows a significant main effect (F(1.41, 28.1) = 4.60, p = 0.029), likely linked to the differences in response times across tasks. Importantly, a highly significant effect of the shadow location on dwell time is found (F(2,40) = 86.25, p < 0.001). Examination of the pooled data across tasks (Fig. 3b) shows The third and final measure is the number of fixations. While dwell time suggested that the first fixation towards the section outside the shadow is not compensated for by longer fixations towards the other side, this does not exclude the possibility of a compensation in terms of the number of fixations. To examine whether such compensation occurs, Figs. 3c and 4c examine the total number of fixations on the different sides of the image for the different contrast conditions, revealing a very similar pattern as for the other two measures considered. The number of fixations shows an almost identical pattern of results, with a trend towards an interaction between task and location of reduced contrast (F(2.57,51.4) = 2.33, p = 0.094), a significant effect of task (F(2,40) = 4.44, p < 0.018) and a highly significant effect of the contrast manipulation (F(1.62,32.4) = 116.52, p < 0.001).
The analysis so far examined the influence of the shadows on participants' eye movements across the entire image. Eye movements towards faces are highly stereotyped, with a strong focus on the eyes and the mouth of the perceived face. Moreover, contrast reductions, such as those occurring for casts shadows and side illumination may influence different regions of the face differently. For example, the eye region has a high contrast between the white area around the pupil and the face area around it, while contrast variations of the cheek area are likely to be lower. Contrast reductions due to shadows may influence these regions differently, with different consequences on observers' eye movements. To examine whether such region-dependent variations in the influence of the contrast manipulation occurred, regions of interest (ROIs) were defined for five areas that covered most of the face area (as illustrated in Fig. 5a ). These were the eyes, the nose, the mouth, the forehead and the cheeks. For each region a left side region and a right side region was defined. For this ROI analysis, we used the same comparison as for the entire image region, and compared first fixations, dwell times, and number of fixations on the left side as a percentage of the overall numbers across the entire ROI (e.g., left eye plus right eye regions together). Figs. 5b-d show the results when the data are pooled across the three tasks. For first fixations, percentages could not always be computed for all participants and all regions, because some participants did not show a first fixation on a particular region (e.g., the cheeks) for any of the images. These empty cells in the data file were replaced by the average data of the other participants. The same general pattern of results is found for the ROI analysis as for the data across the entire left or right side of the images. When no shadow is used, biases are slightly towards the left side. With a left shadow eye movements are biased towards the right side, and with a right shadow eye movements are biased towards the left side. The bias, however, appears to be weaker for the mouth region. To examine the statistical significance of differences in fixation patterns, we focused on the dwell times, because these did not suffer from missing values for individual participants. A repeated measures ANOVA tested the effects of region of interest (five levels), shadow condition (three levels), task (three levels), and their interactions. After Greenhouse-Geisser corrections for violations of the sphericity assumption, none of the interactions were significant (p > 0.085 for all interactions). Two main effects were significant: The effect of the shadow location (F(2,40) = 66.0, p < 0.001), and the region of interest (F(4,80) = 3.57, p = 0.010). The effect of task was not significant (F(2,40) = 1.64, p = 0.21). This indicates that the left-side bias was different for the three shadow locations and across regions of interest, but task did not influence these biases.
Experiment 2
Experiment 2 uses photographs of naturally occurring cast shadows, which created contrast reductions due to side illumination. In this manner, we tested whether the results from Experiment 1 extend to more ecologically valid stimuli under more variable conditions.
Method
Participants
Nine participants took part, but we decided not to include the data from one participant in the analysis presented here, because eye movement measurements were visibly influenced by the presence of contact lenses. The remaining eight participants were all female and psychology students at the University of Lincoln, UK, taking part in return of course credit. We did not ask the participants for their age, but we can expect participants to have been between 18 and 25 years of age. We decided for a smaller sample than in Experiment 1, because the effects of the shadows were already clear from inspecting the eye movement cursor on the experimenter's screen during the experiment (in contrast to Experiment 1, where only after analysis of the data the effects of the shadows became clear).
Apparatus
Stimuli were presented on an Viewsonic VX2268 WM screen, set at a spacial resolution of 1024x768 pixels and a refresh rate of 60 Hz. Eye movements were recorded using an Eyelink 1000 eye tracker (the same model as in Experiment 1). Participants sat in a chin-and-forehead rest positioned at a distance of 62 cm from the screen. A measure of luminance emittance for the stimuli was obtained using a LX-101 Lux meter.
Stimuli
A total of 62 photographs were downloaded from the Internet, mostly from photography related websites. The images were obtained by using Google image search and the keywords 'face' and '(side) illumination'. Images were selected with a face oriented towards the camera, and which in the contrast of half of the face (either the left or right side) was reduced. Chosen facial expressions were either neutral or positive (e.g., the actor smiling). No further restrictions were applied, meaning that both color and grayscale images were used, and that the difference in contrast between the shadow and non-shadow region, as well as the background of the image varied from one photo to another. Photographs where the face was not in the center of the image were cropped to move the face to the center. Cropping was also applied to remove excess borders around the faces. The photographs were all scaled to a height of 500 pixels, which resulted in a image height of 17.3 degrees of visual angle on the screen. Image width was variable, but typically around 18 degrees of visual angle. For each photograph, two versions were created by mirror reversing each image across the vertical midline (i.e., creating one version with the shadow on the left, and one with the shadow on the right). Unlike in Experiment 1, we only used two versions of the stimuli, because it was not possible to create a version without the shadow. Using the Lux meter and measuring at the cheek areas of the face, we found an average of 17.8 Lux for the shadow region (standard deviation = 26.3) and an average of 170.2 Lux for the non-shadow region (standard deviation = 52.0). Due to copyright restrictions, we cannot show the photographs here, but the images are available upon request from the authors.
Design
Participants performed 124 trials across two tasks (62 trials each). Within each task, equal numbers of images with reduced left contrast and right contrast were used. These two versions were counter-balanced across tasks and participants. In addition, the order of the task was counter-balanced across participants. The order of the stimuli within each task was randomized for each participant, but tasks were presented in different blocks.
Procedure
The trials sequence resembled that of Experiment 1, but with a few small modifications. In Experiment 2, images were each presented for 1500 ms, after which a response screen was presented with a range of buttons indicating the possible responses. For the beauty task, 10 response buttons were presented across the horizontal midline for scores 1 to 10, arranged from left to right. Above the buttons the text 'Age?' was shown to remind participants of the task they were performing and 'not at all' and 'very much so' along the leftmost and rightmost buttons to remind participants of the meaning of the categories. A small blue mouse cursor was also shown and participants used a standard mouse to provide their response by clicking on one of the buttons. For the age task, buttons represented mutually exclusive age categories, such as less than 12 years, and 12 to 20 years, with the final category for ages above 55 years. Before each image, a drift correction target was shown above or below the position where the image was presented on the vertical midline (position above or below the image randomly chosen on every trial) and participants were asked to fixate this image to start the trial (the experimenter pressed the space-bar of a separate keyboard to confirm fixation). Before each block, a screen appeared explaining the task in the upcoming block. After the experiment, which took around 12 min for each participant to complete, participants were debriefed about the purpose of the experiment, which also revealed that participants were all unaware of the contrast manipulation being a part of the research question (as in Experiment 1).
Results
Fig. 6 plots the percentage of first fixations, dwell time and number of fixations on the left side of the image separately for left and right shadows and for the two tasks. The data suggest large differences of these percentages across shadow regions, but a limited effect of the task. These observations are confirmed in a two-way repeated measures ANOVA, testing the effects of the location of the shadow (left or right) and the task (age or beauty). For first fixations, a significant main effect was found of the shadow location (F(1,7) = 62.4, p < 0.001), in the absence of a main effect of the task (F(1,7) = 4.79, p = 0.065) and in the absence of an interaction between the two factors (F(1,7) = 0.053, p = 0.83). The same pattern of results was found for dwell time, with a main effect of shadow location (F(1,7)=1058, p < 0.001), without a main effect of the task (F(1,7) = 0.53, p = 0.49) and without an interaction (F(1,7) = 0.14, p = 0.72). These results are mirrored by the number of fixations, with a main effect of shadow location (F(1,7) = 998.3, p < 0.001), without a main effect of the task (F(1,7) = 0.061, p = 0.81) and without an interaction (F(1,7) = 0.030, p = 0.87).
To examine the effects of the shadows on fixations on particular regions of interest (ROIs: the eyes, the nose, the mouth, the cheeks, and the forehead), Fig. 7 plots first fixations, dwell time, and number of fixations on the left size of the face as a percentage of the total number for the two tasks, the shadow location, and the different ROIs (empty cells for individual participants not used when computing the means and standard errors). To examine whether the task had an influence on how shadows affected eye movement to the different regions, a three-way repeated measures ANOVA was conducted with task (age, beauty), shadow location (left, right), and ROI (eyes, nose, mouth, cheeks, and forehead) as factors. This analysis was only performed for dwell times, because empty cells (no fixations on this region for certain participants) occurred for the other two measures. The only interaction that was statistically significant was between the shadow location and the ROI (F(4,28) = 6.49, p = 0.001), suggesting that the shadow location influenced what ROI participants looked at. In addition, a significant main effect of the shadow location was found (F(1,7) = 624.5, p < 0.001), confirming the results from the analysis across ROIs.
While the images of Experiment 1 were fairly uniform in illumination and manipulated shadows, Experiment 2 used images that varied visibly in the difference in illumination of the two face halves. To examine whether these variations influenced participants' eye movements, Fig. 8 plots a pooled measure of the bias in dwell times towards the illuminated side (across tasks and shadow locations) against four measures of the effects of the side illumination. As before the focus was on dwell times, because they never led to missing values for individual images. The first measure (top left subplot of Fig. 8 ) was obtained by converting the images to grayscale and by taking the difference in the average pixel intensity in the two cheek regions (relatively uniform pixel intensity), providing an image based measure. This measure correlates significantly with the eye movement bias (r = À0.43, p = 0.0006). The second measure (top right in subplot Fig. 8 ) was derived from the illumination emittance measurements (in Lux), again taking the difference between the left and right cheek regions, providing a measure of how the image appeared on the screen. While this measure shows the same trend as the pixel contrast measure, the correlation is not significant (r = À0.15, p = 0.25). The third measure (bottom left subplot in Fig. 8 ) was obtained by taking the root mean square intensity (a measure of image contrast) across the cheek regions (similar results were obtained when using the other regions). This RMS measure does not correlate with the fixation bias (although the largest correlation is found for the region with the highest expected contrast, namely, the eye region: r = 0.23, p = 0.075). Finally, to examine whether fixation bias is determined by the luminance of the shadow region on its own, the top right subplot of Fig. 8 plots the fixation bias against the amount of Lux emitted by the shadow region. With all data points included, this leads to a significant correlation (r = 0.72, p < 0.001), which remains significant when the right-most data point in the plot is removed (r = 0.67, p < 0.001).
Discussion
Previous eye tracking studies have suggested that in scanning images, observers tend to avoid darker low-frequency regions of the scene, suggestive of avoiding shadows (Tatler, Baddeley, & Gilchrist, 2005) , while object evaluation studies confirmed the same pattern for the regions in computer generated shadows (Toscani, Valsecchi, & Gegenfurtner, 2013a , 2013b ). In addition, behavioral studies have confirmed the importance of the illuminated regions for lightness judgments (Zdravković , Economou, & Gilchrist, 2006) . Past eye tracking studies on the influence of shadows in images, however, did not control for other aspects of the shadow regions (such as location and size of the region on the picture) or used tasks that drew strong focus on the lightness aspects of the scenes. The present study therefore extended this previous work by examining the role of illumination variations (as for cast shadows or due to side illumination) on observers' eye movements while controlling for other aspects of the layout and by using a task drawing the observers' attention away from lightness aspects of the images.
In our first experiment, we simulated the effects of cast shadows by locally reducing the contrast in the image. While this allows for strict control of all other stimulus parameters, our manipulation may lack some of the richness found in contrast variations caused by actual cast shadows. Experiment 2 therefore moved away from these highly controlled stimuli and examined gaze bias for naturally occurring contrast variations due to side illumination. This experiment also applied a broad range of image parameters, including color and grayscale images, variations in the strength of the light source, and differences in the background of the images.
Our results show that by locally reducing the contrast in our images, simulating the effects of cast shadows, we could influence participants' eye movement patterns to avoid the area with the lower contrast. This was the case for computer generated reductions in image contrast (Experiment 1), but also for naturally occurring lower contrast regions due to side illumination (Experiment 2). This effect was apparent for the first fixation, the overall dwell time, and the total number of fixations. Moreover, it was independent of the task, suggesting that in tasks not specifically related to color or luminance, eye movements are similarly influenced by contrast reductions (c.f., Cornelissen & Brenner, 1995) . Our results are in line with previous observations that focused on lightness perception by itself (Toscani, Valsecchi, & Gegenfurtner, 2013a , 2013b , studies of eye movements in natural scenes (Tatler, Baddeley, & Gilchrist, 2005) and assumptions made by saliency models (Itti & Koch, 2000) .
Our results make sense intuitively: it may be beneficial to focus on regions with the highest contrast, because more information may be extracted from these regions, which may benefit performance on the (high-level) tasks. Interestingly, while the influence of the contrast manipulation on eye movements was weak for computer generated reduced contrast regions, much larger effects of the shadows were found in natural images with side illumination. In these latter images, we found that gaze bias correlated with the difference in pixel intensity between the two halves of the face, and a luminance measure of the shadow region, but not with a root mean square measure of image contrast or the luminance difference between shadow and non-shadow areas. This suggests that participants' eye movements are particularly affected when pixel intensity differences between the two halves of the image are large. It is also suggests that participants particularly avoid very low luminance regions. Interestingly, contrast was not a very good predictor of fixation bias. The biases in our experiments occurred despite the very typical gaze patterns (Althoff & Cohen, 1999) found for face images. An important note to make is that these results are based on correlations, and therefore do not provide information about causation. The results therefore will need to be confirmed in an experimental paradigm manipulating the different factors independently.
Experiment 1 allowed us to estimate the bias towards one half of the face from the images to which no (simulated) shadow was added. While not statistically significant, the eye movement data from this experiment suggest a bias towards the left side of the faces. This is a known effect in face perception (Gilbert & Bakan, 1973; Guo et al., 2009; Phillips & David, 1997) , where the right-hand side of the observed face, seen in the left hemi-field of the observer, is more often fixated (Phillips & David, 1997; Mertens, Siegmund, & Grüsser, 1993) and contributes more strongly to decisions regarding the face (Burt & Perrett, 1997; Gilbert & Bakan, 1973) . The bias has been reported in adults, infants and in monkeys and dogs (Guo et al., 2009) . It has been related to stronger expression of emotions in the right-hand side of a person's face (Sackeim, Gur, & Saucy, 1978) and to stronger right-hemispheric processing of emotional expressions in the brain (Burt & Perrett, 1997) . It can be found for a range of tasks, including identification and emotion (Coolican et al., 2008) and gender and age (Burt & Perrett, 1997; Butler & Harvey, 2005) . Our results also agree with this latter finding, suggesting that the left face bias can found across the three tasks (age, profession, and beauty). While Experiment 2 did not include images without a shadow, examining the eye movement bias relative to the 50% point provides an indication of bias when both versions of each image are considered. Experiment 2 shows an interesting pattern. A bias towards the left side of the face is found for the first fixations on the image (with close to 50% of the first fixations on the left side of the image when the shadow was on the left side). However, this left-side bias was overruled by the shadows for the other two measures (number of fixations and dwell time). Our data therefore suggests that the influence of the shadows is particularly important in the later stages of image processing.
